An extensive PM monitoring study was conducted during the 1998 Baltimore PM Epidemiology -Exposure Study of the Elderly. One goal was to investigate the mass concentration comparability between various monitoring instrumentation located across residential indoor, residential outdoor, and ambient sites. Filter -based ( 24 -h integrated ) samplers included Federal Reference Method Monitors ( PM 2.5 -FRMs ) , Personal Environmental Monitors ( PEMs ) , Versatile Air Pollution Samplers ( VAPS ) , and cyclone -based instruments. Tapered element oscillating microbalances ( TEOMs ) collected real -time data. Measurements were collected on a near -daily basis over a 28 -day period during July ± August, 1998. The selected monitors had individual sampling completeness percentages ranging from 64% to 100%. Quantitation limits varied from 0.2 to 5.0 g / m 3 . Results from matched days indicated that mean individual PM 10 and PM 2.5 mass concentrations differed by less than 3 g / m 3 across the instrumentation and within each respective size fraction. PM 10 and PM 2.5 mass concentration regression coefficients of determination between the monitors often exceeded 0.90 with coarse ( PM 10 ± 2.5 ) comparisons revealing coefficients typically well below 0.40. Only one of the outdoor collocated PM 2.5 monitors ( PEM ) provided mass concentration data that were statistically different from that produced by a protoype PM 2.5 FRM sampler. The PEM had a positive mass concentration bias ranging up to 18% relative to the FRM prototype.
Introduction
The U.S. EPA has recently conducted the 1998 Baltimore PM Epidemiology -Exposure Study of the Elderly (1998 Baltimore PM Study ). This study was conducted near Baltimore, Maryland and involved ambient, residential and personal PM exposure monitoring (Williams et al., 2000a,b ) . The primary goal of this study was to establish outdoor and human PM exposures within a susceptible ( elderly ) subpopulation. A secondary goal focused on PM measurement variability. This variability is often characterized by PM size fraction mass concentration, and chemical composition bias as the result of sampling methodologies. The National Research Council ( NRC ) has suggested that understanding PM mass concentration measurement errors should be ranked as one of the 10 highest PM research priorities for the U.S. EPA ( NRC, 1998 ) . Evaluating the magnitude of this error is important in determining the certainty of epidemiological findings related to matched PM exposure± health effect studies such as those currently being conducted by the U.S. EPA (Liao et al., 1999 ) . Quantifying the uncertainties in PM mass measurements made by various monitors would also be useful in comparing exposure data among reported studies.
Numerous factors may affect instrument bias relative to PM measurements. Differences in size -selective inlet characteristics, face velocities, collection temperatures, humidity effects, and the like, may influence side -by -side data collection results. Studies have reported on the comparability of various PM 2.5 and PM 10 methodologies as instrumentation has changed during the last two decades (Rodes et al., 1985; U.S. EPA, 1996; Suggs and Shreffler, 1997; Watson et al., 1998 ) . Multiple monitors were collocated together in the 1998 Baltimore PM Study that permitted instrumental comparisons to be made. The scope of the study did not include evaluating specific instrumental operating parameters such as those defined earlier. This investigation was performed to provide data concerning:
" comparison of real -time and filter -based instrumentation relative to establishing 24 -h mass concentration estimates " comparability of monitors to a prototype 2.5 m FRM, and " comparability of actual or calculated PM coarse size fraction mass concentrations.
Standards (reference or equivalency ) for comparing PM 10 (U.S. EPA, 1984 EPA, , 1987 or PM 2.5 mass concentration methodologies ( U.S. EPA, 1997a ) have been established. Criteria generally consist of determining collocated precision, regression slope, regression intercept, and correlation between the reference and the challenge sampler. Similar parameters were used in this effort. PM 10 certification requires slopes within 10% of unity, intercepts <5 g/m 3 , and correlation coefficients of !0.97 relative to the reference method. PM 2.5 certification is more restrictive with regression slope within 5%, intercepts of 0 1 g/m 3 , and correlation coefficients of !0.97.
This article is not intended to achieve U.S. EPA method designation for any of the samplers used in the field study. Its intent is to report PM mass concentrations reported by the various monitors, provide comparisons, and establish statistical relationships under the test conditions.
Study Design
The study design of the 1998 Baltimore PM Study has previously been described (Williams et al., 2000a ) . The study was conducted continuously over a 28-day period during July ±August, 1998. The sampling scheme is shown in Table 1 . PM monitors were collocated at a residential indoor, residential outdoor, and ambient monitoring site within Baltimore County, Maryland. The residential site was an 18 -story elderly retirement facility that provided indoor and outdoor locations for sampler placement. A community platform was the location of the ambient measures. Williams et al. (2000a ) have fully described each monitoring location. Monitors were operated continuously (real -time methodologies ) or on a 24-h basis if they were filter-based (8 am 0.5 h start time each day ).
Instrumentation included Personal Environmental Monitors (PEM 1 s ), Tapered Element Oscillating Microbalances ( TEOM 1 s), PM 2.5 prototype Federal Reference Method ( FRM ) monitors, cyclone -based inlets, and Versatile Air Pollution Samplers (VAPS 1 ) . Each sampling location had at least three of the above devices that enabled PM 2.5 , PM 10 ± 2.5 , and PM 10 mass measures to be directly measured or calculated. Duplicate measures ( intra -instrument ) were obtained for the PM 2.5 FRM, and TEOM, as well as for the PM 2.5 and PM 10 PEM samplers at select locations. This duplication consisted of near-daily repeat measurements. Data from all instruments were eventually related to an 8 am to 8 am time frame (24 -h average ) to permit comparison.
Materials and methods

PEM Monitors
Descriptions of the PM 2.5 and PM 10 PEM have previously been reported (Williams et al., 2000a,b ) . The PEM is manufactured by MSP, Inc., (Minneapolis, Minnesota) and is not a U.S. EPA approved ambient PM monitoring device. It is believed to be effective in ambient monitoring situations under reasonable wind velocity and rain situations. These units were 2-lpm, lightweight (48 g ), inertial impactor devices (60Â65Â22 mm ) first reported by Marple and Liu (1974 ) . A 4-m``scalper'' nozzle (MSP, PEM -019) was used in conjunction with the standard 2.5 -m PEM to limit the possibility of overloading on the impactor in this study. Pellizzari et al. ( 1999 ) have reported on this modification. A single, tared 37 -mm Teflon filter (Teflo 1 , Gelman Sciences, Ann Arbor, Michigan ) was used during each PEM collection.
TEOM Monitors
The TEOM is a real -time PM 2.5 or PM 10 gravimetric instrument manufactured by Rupprecht and Patashnick ( Albany, New York ). The PM 10 version is a U.S. EPA designated equivalent method ( EQPM -1090 -079) for 24 -h average ambient measurements ( Patashnick and Rupprecht, 1991; Suggs and Shreffler, 1997; Watson et al., 1998 ) . It measures PM mass concentration by differentially determining the particulate matter loading on an in -line mass transducer. Five -minute data averages were recorded to yield 24 -h means ( based on the 8 am to 8 am time regimen) . PM 2.5 and PM 10 Model 1400ATs were deployed at the ambient monitoring site. All of these units were upgraded Model 1400ABs with temperature / flow rate compensation abilities. However, the devices were operated in their default, temperature preset operating condition (508C ). Only the PM 2.5 version was used for residential indoor and outdoor monitoring. A WINS PM 2.5 discriminator operating at 16.7 lpm, in addition to the standard R&P PM 10 inlet ( PN 00506 -0000 ), was used in conjunction with the PM 2.5 instrument. Mass concentration data were recovered from the units through the use of built -in RS232 ports. TEOMs were field operated using default calibration A and B values of 3.0 g/m 3 (intercept ) and 1.03 ( slope ), respectively. Poststudy comparison of 24 -h TEOM data with results from the filter-based FRM or PEM samplers indicated that moderate correction of the manufacturer's default calibration terms should be employed to achieve agreement between the metrics. These terms were computed by calculating a square difference between the TEOM's daily 24-h average and a representative collocated filter -based metric (e.g., PEM 10 , FRM 2.5 ) and then minimizing the sum of squares. All TEOM data presented in this report reflects corrected postmeasurement A values ranging from 2.86 to 4.71 and B values of 0.9 to 1.5, dependent on size fraction and sampling location. Corrected calibration terms and referenced monitors were: A= 2.86, B =1.05 (indoor PM 2.5 -PEM ) ; A= 4.71, B = 1.54 ( outdoor PM 2.5 -FRM ) ; A=4.42, B = 0.90 (ambient PM 2.5 -FRM ) ; A=3.48, B =1.20 (ambient PM 10 -PEM ). These adjustments were believed to be directly related to the loss of PM semivolatiles, such as some organic carbon species, under high -temperature ( 508C ) collection conditions required to stabilize measurements relative to particle -bound water encountered during sampling .
Prototype PM 2.5 Federal Reference Method ( FRM ) A prototype 16.7 -lpm PM 2.5 FRM was operated at the residential outdoor and ambient monitoring sites. This monitor was considered the standard by which all other collocated monitors would be compared. The device was a Graseby -Anderson RAAS2.5 -100 1 ( Atlanta, Georgia) manufactured just prior to the U.S. EPA certifying them as PM 2.5 reference monitors for 24 -h ambient measurements ( RFPS -0598 -119) . The instrumentation employed a Graseby SA646b PM 10 inlet followed by a 2.5-m WINS discriminator to achieve the final size selection. In-depth descriptions of the specifications for PM 2.5 equivalent or reference samplers have previously been reported (U.S. EPA, 1997a± d; Watson et al., 1998 ) . A single Teflon 47 -mm filter ( Teflo 1 , Gelman Sciences ) was used during each sampling period.
Cyclone Inlet PM 2.5 and PM 10 mass concentrations were also determined using University Research Glassware (URG, Inc., Carrboro, North Carolina ) cyclone inlets and filter packs. The 2.5 -or 10 -m cyclones (PN -2000 -30EN, PN -2000 -30EAM, respectively ) were Teflon -coated to minimize unwanted -particle deposition along the interior wall surfaces. The 2.5-m cyclone was operated at 10 lpm whereas the 10 -m version was operated at a flow rate of 15 lpm. The desired size fraction was retained on a single 47 -mm Teflon filter (Teflo 1 , Gelman Sciences ) located within an in -line Teflon filter pack (PN -2000 -30 -FG ) . Cyclone inlets have been used in other recent ambient monitoring studies ( Ye et al., 1991; Suggs and Shreffler, 1997 ) .
Versatile Air Pollution Sampler ( VAPS )
VAPS were operated at the residential indoor, outdoor and ambient monitoring locations. The monitor (URG, PN -3000K ) had a single PM 10 virtual impaction inlet that permitted the simultaneous collection of two fine channels (PM 2.5 ) and one coarse channel (PM 10 ± 2.5 ). The VAPS is a dichotomous sampler, and a fraction of the collected fine particles is carried over into the coarse channel. Carryover effect was corrected following postgravimetric analysis where M is the mass collected in the specified channel, V is the volume flow through each channel, and coarse, fine, and quartz are the names of the channels. The quartz channel was used for collecting and analyzing carbon; the nature of the filter prevented it being used for gravimetric analysis and necessitates doubling the fine channel mass in Equation 1.
The monitor operated at a total flow rate of 33 lpm (15 lpm for each fine channel and 3 lpm through the coarse channel ). A URG sampling pump (PN -3000 -02G ) was used to control volumetric air flow and sampling duration. This sampler has been used in other U.S. EPA studies (Mukerjee et al., 1997; Suggs and Shreffler, 1997 ) .
Teflon filter packs ( URG, PN -2000 -30FB ) were used in -line with each channel to house the necessary filter media. The first fine fraction was collected using a single 47 -mm Teflo 1 filter (Gelman Sciences ) followed by a nylon filter (Gelman Sciences Nylasorb 1 ) and supported by a Teflon -coated stainless steel screen. A sodiumcarbonate -coated annular denuder ( URG, PN -2000 -30Â150 -3CSS ) preceded the filter pack. This denuder was used to strip nitric acid from the air stream that would interact with filter-bound nitrates. The second fine channel was collected using a prefired 47 -mm quartz filter (Sunset Laboratories, Forest Grove, Oregon ). An in -line citric -acid -coated annular denuder (URG, PN -200 -30Â150 -3CSS ) preceded the quartz filter to remove gaseous ammonia. The third channel collected the coarse size fraction using a 47 -mm polycarbonate filter ( Nucleopore 1 ) followed by a Zefluor 1 ( Gelman Sciences ) filter for flow distribution.
Residential Indoor, Outdoor and Ambient Monitoring Sites Detailed descriptions of the three monitoring sites have previously been reported ( Williams et al., 2000a,b ) . Residential indoor monitoring was performed within an empty bedroom of a fifth floor, four-room apartment of the retirement facility. The apartment was left open to the facility's hallway and air exchange into the apartment was aided by placement of a small fan located at ceiling level. The apartment's central HVAC unit was used to maintain an interior temperature of approximately 268C. The sampling exhausts from the high -volume instruments ( VAPS, TEOM, and cyclone monitors ) were vented outdoors by means of flexible tubing. This was done to minimize potential sampling bias relative to oversampling the local environment.
Residential outdoor monitoring was performed on a third floor rooftop of the facility. The samplers were located in an open area of the graveled rooftop at a height of approximately 14 m from ground level. All of the monitors had built -in weather protection with the exception of the PEMs ( a shielded stand was employed instead ). Ambient monitoring was conducted at a local community monitoring site ( Clifton Park Golf Course ). The site was approximately 11 linear km south ± southeast of the retirement facility. Instruments were platform mounted at a height of 4 m from ground level. Weather protection as above was employed.
Quality Control
Monitors were audited for nominal flow rates and system leaks prior to and immediately following each 24 -h sampling period using a primary reference standard (e.g., DryCal DC -1, BIOS International ). Units were expected to maintain flow rates 20% of initial settings to be considered valid. In reality, flow rates were typically well within 5 ± 10% of control settings. All filter -based sampling was performed using single lots of filters respective to size and media type. Used filters were stored at room temperature and protected from direct sunlight. Filters underwent pre and post collection gravimetric analysis following 24-h environmental equilibration at 258C ( 58) and 40% relative humidity ( 5% ) . Lawless and Rodes (1999 ) have reported on the gravimetric analysis procedures employed to successfully determine filter mass loadings from this and other low -volume air sampling methodologies.
Statistical Analysis
Data processing and statistical analyses were performed using SAS v. 6.12 and S-Plus v. 4.0 ( SAS Institute, Cary, North Carolina ) . The purpose of the analysis was to characterize the PM mass concentration relationships among the various samplers using univariate descriptive statistics, linear regressions, box plots, and scatter plots. Outdoor and ambient PM mass concentration levels were slightly more skewed than indoor measurements. Using the Durbin ± Watson d statistic there was little evidence of first order autocorrelation among the errors. Therefore, diagonal structure was assumed in the error covariance matrix and no corrections were applied to the regression estimates.
Results
Monitor Performance
Sampling completeness, precision (where applicable ) and other statistics for the instrumentation are presented in Table 2 . Filter and microbalance methods had method quantitation limits (MQL ) ranging from 0.2 to 5 g/m 3 . Precision, where established, was found to be < 3 g/ m 3 . Most of the samplers had good performance records and collected acceptable data more than 93% of the time. One TEOM had operational problems that reduced the sampling completeness to only 64% for this monitor at one of the measurement sites. TEOMS at the other locations operated without failure. Collected data points from all of the monitors were determined to meet method quantitation limits !96% of the time.
Summary Statistics of PM 2.5 Mass Monitoring Indoor PM 2.5 monitoring resulted in general agreement between instrumentation relative to PM 2.5 mass concentrations (range of daily arithmetic means between 7.0 and 9.7 g/m 3 ). PM 2.5 mass concentration ratios revealed less than 30% differences between collocated samplers. Outdoor PM 2.5 mass concentrations are reported in Table 3 and are representative of the differences observed between individual monitors at all sites. Good agreement was observed between the five instruments with a difference of less than 3 g/m 3 observed between mean daily values. Accordingly, ratios calculated from the observed PM 2.5 concentrations with respect to other matched outdoor or ambient measurements revealed only moderate variability. PEM values were determined to vary +16% from the collocated FRM.
Summary Statistics of PM 10 Mass Monitoring
Mean daily mass concentrations among indoor PM 10 monitors ranged from 7.1 to 11.0 g/m 3 . Outdoor and select ambient PM 10 monitoring data are summarized in Table 4 and again reflect general differences observed between instruments at all three sites. Individual monitors reported daily mass concentrations ranging from approximately 10 to 70 g/m 3 during the 28 -day period. VAPS and cyclone monitors indicated 83% and 88% agreement, respectively, with matched PEM results. Adjusting the ambient TEOM data with respect to the collocated PEM monitor resulted in a ratio between the two monitors approaching unity ( 1.01 ). Indicates number of filters or daily measurements ( TEOM ) used in defining MDL and MQL. The large number of PEM 2.5 -m filters includes those used for the personal exposure monitoring component of the overall study that is not discussed here. d Calculated from fine and coarse channel data with known fine -particle carryover factors included in calculations. Precision was established using root mean square comparisons of collocated samplers. Sampling completeness was dependent on metric location ( indoor, outdoor, or ambient ) . Percent of collected samples meeting MQL was dependent on sampler location and size fraction ( e.g., VAPs with three collection channels ) .
Concentration Differences Between Instrumentation
Mean mass concentration differences between indoor monitors using data obtained from matched days were typically less than 3 g/m 3 within each respective size fraction. The PEM, regardless of size fraction being measured, consistently produced the highest mass concentration values. This ranged as high as 145% for the PM 2.5 comparison with the collocated VAPS. No significant differences ( p >0.05 ) in mass concentration were observed between the indoor PM 2.5 PEM and TEOM, the PM 10 PEM and cyclone, and the PM coarse PEM and cyclone.
Concentration differences between the outdoor monitors are described in Table 5 and typify comparisons made from all locations with exceptions noted. The PM 2.5 PEM monitor yielded a positive mass concentration bias of between 12% to 16% relative to the other monitors. PM 2.5 VAPS, TEOMs, FRMs, and the cyclone resulted in comparisons differing by no more than 9%. The PM 10 PEM was observed to represent a positive bias of 15% to 22% among other monitors. Outdoor PM coarse comparisons revealed a range of agreement that differed from indoor observations. Comparison of coarse data from the same paired monitors differing by location ( inside versus outside ), resulted in contradictory results relative to determinations of statistical equality. Coarse data from only the outdoor PEM and cyclone comparison were statistically different ( p< 0.05 ) whereas just the opposite occurred from indoor collected data among the same instrumentation. Outdoor PEM and VAPS samplers had the closest agreement in coarse mass concentration (9% mass concentration difference ) whereas comparisons between the PEM versus the cyclone and the VAPS and cyclone resulted in ratios ranging from 1.8 to 2.0. This wide fluctuation may be the result of very low concentrations of coarse particulate matter that would negatively affect the ability of the methods to satisfactorily define this respective size fraction (both indoor and outdoors ) .
Regression Statistics for Outdoor Mean Mass Concentrations
All of the intercomparisons with the outdoor PM 2.5 instruments resulted in coefficients of determinations exceeding 0.91 as displayed in Table 6 . These models resulted in slopes ranging from 0.87 to 1.03. Intercepts below 2.5 g/m 3 were often observed. Intercomparisons among the PM 10 measures yielded coefficients of determinations !0.93 among the PEM, VAPS and the cyclone instrumentation. This comparison resulted in intercepts 2 g/m 3 and slopes not exceeding 11% from unity. Cross comparisons between PM 2.5 , PM 10 , and PM coarse measures yielded more variable results. Regressions within a given instrument pair ( e.g., PEM 2.5 and PEM 10 ) often resulted in excellent coefficient of determinations (!0.93 ). Comparisons involving any PM coarse measure resulted in very poor regression coefficients ( 0.4 ).
Discussion
This study permitted an investigation of 24-h integrated method versus those employing real -time measures (such as the TEOM ) . It provided the means to compare mass concentrations relative to a prototype PM 2.5 FRM and investigate the determination of the PM coarse size fraction. Although none of the outdoor PM 10 samplers were U.S. EPA designated reference or equivalent methods (PM 10 TEOM was only sited at the ambient site ), they were typically observed to provide similar estimates of mass concentration. Data from the daily outdoor measurements indicated the PEM instrument typically reported higher mass concentrations relative to the VAPS or cyclone ( slopes 6 ±11% higher ). A number of causes for these differences are suspected: these include particle nitrate, denuder losses, and loss of semivolatile organic carbon for some of the samplers employed. Preliminary evaluation of the Nylasorb 1 nitrate catch indicates that the concentration of the VAPS system would compare favorably with the PEM samplers if there were minimal nitrate losses in the PEMs. Similar nitrate losses might be expected for the FRM samplers due to the similar flow environment relative to the VAPS. Particle losses on the order of 5 ± 10% ( Ye et al., 1991 ) , and dependent on particle size, have also been reported for the VAPS denuder. Thomas et al. (1993) reported that in direct comparisons of outdoor-located PM 10 PEMs versus either a median -volume dichotomous sampler ( Sierra -Anderson 244E with 246B inlet, Anderson, Inc., Atlanta, GA ) or a hi -volume instrument ( PM 10 Critical Flow Hi -Volume Sampler, Wedding and Associates, Inc., Fort Collins, Colorado) , both based on inertial impaction principles, a positive PEM bias ranging up to 16% occurred. They were unable to define the reason for this apparent oversampling but theorized slight differences in cut -points, potential ammonium nitrate losses in the higher volume samplers, and the influence of wind speed during sampling. Their data appears to be in agreement with the other PM 10 methods compared here ( VAPS, cyclone ). Although nitrate losses for the higher flow rate samplers ( non-PEMs ) used in the present study might have occurred, preliminary elemental analysis of collected particulate matter indicates that organic carbon made up a sizeable fraction of the total PM mass. Losses from this PM component would be more probable in representing the noted mass differences between PEMs and the other samplers.
Mass concentrations approximately 20% lower for the PM 10 TEOM relative to the PM 10 PEM collocated at the ambient site were observed prior to adjustment of the TEOM's calibration variables. This might be related to semivolatile losses by the TEOM unit operating at its normal temperature Watson et al., 1998 ) or sampling characteristics of the PEM. One study has reported TEOM deviations from filter-based reference methods by as much as 45% under conditions of high concentrations of woodsmoke semivolatiles ( Meyer et al., 1992 ) . Conversely, in a study conducted in Phoenix, Arizona with the TEOM operating at 308C, positive mass concentrations up to 26% above those measured with a dichotomous -based instrument were observed (Suggs and Shreffler, 1997) . This oversampling might have been the result of particle -bound water or differences in the characteristics of the sampling inlets being compared.
All of the PM 2.5 instruments operating at the outdoor site, with the exception of the PEM, were observed to report equivalent mean mass concentrations after the TEOM's calibration variables were adjusted (slope = 1.5, intercept =4.7 g/m 3 relative to FRM values ). TEOM underreporting for this size fraction has been demonstrated by others Oh et al., 1997 ) and is again theorized as loss of semivolatiles during the collection and measurement process. A similar PM 2.5 study determined that a nonadjusted 308C TEOM yielded equivalent mass concentrations compared to a cycloneequipped sampler and that both of these were 15 ±17% higher than collocated VAPS ( Suggs and Shreffler, 1997 ) . Although none of the outdoor samplers reported in the present study were tested stringently enough with respect to duplication or variability of mass concentration to stand as a true test of PM 2.5 FRM equivalency, only the cyclone was observed to meet the primary specifications of regression slope, intercept or correlation. All of the PM 2.5 instruments met at least one of the primary specifications ( generally correlation ) .
Collection (or determination ) of the PM coarse fraction proved to vary widely between the instruments, sometimes by as much as twofold. An accurate measurement of this fraction will become increasingly important as studies evaluate each PM size fraction for their contribution to observed human health effects associated with PM exposures. No direct comparison with a collocated PM coarse reference method ( such as a Sierra-Anderson 241 dichotomous sampler ) was available for any of the outdoor instruments. However, the VAPS was also a dichotomous sampler and it routinely yielded values slightly lower than the PEMs and just slightly higher than the cyclone. More accurate instrument comparison of this size fraction might have been made if a higher contribution of coarse particulate matter to the total PM 10 existed during the study period. Suggs and Shreffler ( 1997 ) observed in ambient measurements taken in Phoenix, Arizona, that none of the PM coarse measures proved equitable with respect to mass concentration determination (Anderson SA 241 dichotomous sampler, TEOMs equipped with either a cyclone or inertial impactor size -selective inlets, VAPS having a virtual impactor ).
The present study indicates that researchers employing nonreference PM measurement methods should collocate these samplers with reference methods to provide the means to factor or use the data responsibly. This would even be important for certain equivalency methods, such as the TEOM, which under some circumstances may suffer from mass losses or gains depending on operating conditions and ambient semivolatile concentrations. This collocation should be incorporated into the study design of all integrated exposure -epidemiology studies where daily and hourly variations in PM mass concentrations are being used to estimate the effects of various PM size fractions on observable human health effects.
